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Transient-state experiments with the obligately autotrophic Thiobacillus sp. strain W5 revealed that sulfide
oxidation proceeds in two physiological phases, (i) the sulfate-producing phase and (i) the sulfur- and
sulfate-producing phase, after which sulfide toxicity occurs. Specific sulfur-producing characteristics were
independent of the growth rate. Sulfur formation was shown to occur when the maximum oxidative capacity of
the culture was approached. In order to be able to oxidize increasing amounts of sulfide, the organism has to
convert part of the sulfide to sulfur (HS™—S° + H* + 2e”) instead of sulfate (HS~ + 4H,0—-S80.2" + 9H™*
+ 8¢7), thereby keeping the electron flux constant. Measurements of the in vivo degree of reduction of the
cytochrome pool as a function of increasing sulfide supply suggested a redox-related down-regulation of the
sulfur oxidation rate. Comparison of the sulfur-producing properties of Thiobacillus sp. strain W5 and
Thiobacillus neapolitanus showed that the former has twice the maximum specific sulfide-oxidizing capacity of
the latter (3.6 versus 1.9 pmol/mg of protein/min). Their maximum specific oxygen uptake rates were very
similar. Significant mechanistic differences in sulfur production between the high-sulfur-producing Thiobacil-
lus sp. strain W5 and the moderate-sulfur-producing species T. neapolitanus were not observed. The limited
sulfide-oxidizing capacity of T. neapolitanus appears to be the reason that it can convert only 50% of the

incoming sulfide to elemental sulfur.

Sulfide-containing waste streams are generally treated by
chemical methods which involve high chemical and disposal
costs (5, 6). The ability of autotrophic bacteria to oxidize sul-
fide at high rates has led to the development of biotechnolog-
ical methods to remove sulfide from effluent streams (8, 13,
19). A biotechnological sulfide-removing process (3), based on
the ability of colorless sulfur bacteria to partially oxidize sulfide
to elemental sulfur under certain conditions (14), has been
developed. A major environmental advantage is the recovery
of sulfur from the effluent stream, thereby preventing boosting
of the sulfur cycle by the discharge of sulfate-containing waste-
water.

Mixed-culture studies of sulfur-producing bacteria have
shown that the formation of sulfur is dependent on the sulfide
load and the availability of oxygen (2). Fed-batch studies
showed that the production of sulfur can be controlled by the
amount of oxygen supplied (10). Quantitative measurements
of sulfur formation under aerobic conditions with pure cultures
of several neutrophilic obligately autotrophic Thiobacillus spe-
cies revealed that the capacity to produce sulfur was also strain
dependent (17, 18). The isolation of Thiobacillus sp. strain W5,
the dominant organism from a sulfur-producing reactor system
which is capable of stoichiometrically converting sulfide to
elemental sulfur (24), has provided a suitable organism for a
detailed study of the formation of sulfur. This paper shows that
sulfur formation in this bacterium is directly related to its
maximum electron-transporting capacity and explains why
Thiobacillus neapolitanus, in contrast to Thiobacillus sp. strain
WS, is not capable of stoichiometrically converting all sulfide
to elemental sulfur. A possible role for the in vivo degree of
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reduction of the cytochrome pool in the process of sulfur
formation is considered.

MATERIALS AND METHODS

Organisms and cultivation. T. neapolitanus (type strain, LMD 80.85) and
Thiobacillus sp. strain W5 (LMD 94.73) were obtained from the Delft Culture
Collection. Both organisms were grown in chemostats (pH 7.5; temperature,
25°C) in mincral medium (18) under sulfide limitation (50 mM) at different
dilution rates. The dissolved oxygen concentration was maintained at 50% rel-
ative to air saturation.

Oxygen uptake experiments. The maximum sulfide- and sulfur-dependent
oxygen uptake rates of whole cells, taken directly from chemostat cultures, were
measured in a biological oxygen monitor. Oxygen consumption was measured
polarographically at 25°C with a Clark-type oxygen electrode. Sulfide (25 pM)
and sulfur dissolved in acetone (40 wM) were added to obtain maximum oxida-
tion ratces.

Tr tate experi Short-term sulfur formation was studied with
transient-state experiments, which were performed at a dissolved OXygen con-
centration of 40% air saturation, 25°C, and pH 7.5. Transient-state experiments
were started with the effluent from a sulfate-producing, steady-state culture
which had been collected overnight at 4°C. After equilibration at 25°C, the
cultures were run for 20 min under the original steady-state conditions. The
sulfide-limited steady-state cultures were then exposed to increasing sulfide loads
for 10-min intervals (18). Sodium sulfide (50 mM) was supplied at the bottom of
the chemostat in order to prevent losses to the air. Sulfur production rates were
determined from the increase in the sulfur concentration with time. Sulfate
production rates were calculated by subtraction of the sulfur production rate
from the sulfide load (24). Air was supplied at a rate of 30 liters/h. Oxygen
consumption was measured with a Servomex 1100A oxygen analyzer (Servomex
Ltd., Sussex, United Kingdom).

In vivo reduction levels of cytochrome ¢ pool. The determination of the in vivo
reduction levels of the cytochrome pool in growing bacteria was done by coupling
a chemostat to a dual-wavelength UV-visible light spectrophotometer (American
Instruments Co.; DW-2) with the reference wavelength set at 578 nm as de-
scribed by Pronk et al. (15). The spectra were recorded between 530 and 570 nm
at a scanning specd of 3 nmys. Cytochrome spectra were dominated by cyto-
chromes ¢, having an absorption maximum at 552 nm, The spectra were recorded
in triplicate in order to obtain a representative average spectrum. It was observed
that the formation of sulfur influenced the spectra. It was therefore necessary
during sulfur formation to measure the fully reduced spectrum directly after the
registration of the spectrum at a particular sulfide load in order to calibrate the
effect of the increasing sulfur concentration in the chemostat. The reduction
levels of the cytochromes were expressed as a percentage of absorbance of fully
reduced cytochromes in the alpha region of the spectrum. Fully reduced cyto-
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FIG. 1. (a) Production rates of sulfur compounds by Thiobacillus sp. strain W5, pregrown at a dilution rate of 0.1 h~!, during transient-state experiments under
increasing sulfide loads at 40% air saturation (O, sulfur; W, sulfate; O, sulfide; #, thiosulfate). (b) Oxygen consumption during transient-state experiments. (c) Degree

of reduction of the in vivo cytochrome pool during transient-state experiments.

chromes were obtained by flushing the suspension with pure nitrogen, after
which a small amount of sulfide was added. The addition of dithionite did not
increase the reduction of the cytochrome pool. For this experimental setup, the
absorbance difference between fully reduced and air-oxidized cytochromes at 552
nm was 0.5/g (dry weight).

Sulfur pulses. Sulfur pulses were given in order to measure the reduction of
cytochromes during the oxidation of externally added sulfur. Sulfur (25 ml/liter)
was added as a sulfur-saturated (17 mM) acetone solution, resulting in a final
sulfur concentration of 425 wmol of sulfur/liter, high enough to achieve the
maximum sulfur oxidation rates for approximately 3 min. Addition of more
sulfur solution resulted in inhibition by the acetone, as determined in control
experiments.

Protein determination. The protein content of whole cells was measured by a
modified biuret method (23).

Analysis of sulfur compounds. Samples from transient-state cultures were
filtered over 0.45-um-pore-diameter nitrocellulose filters (Schleicher & Schuell)
and immediately washed with cold water to remove water-soluble inorganic
reduced sulfur components. The sulfur-biomass residues were extracted over-
night in acetone and analyzed by cyanolysis (1). The filtrate was used for the
analysis of soluble sulfur compounds. Thiosulfate, tetrathionate, and trithionate
were determined colorimetrically after cyanolysis (12). Sulfite was semiquanti-
tatively determined in the filtrate with commercially available dipsticks (Merck).
Sulfide in gas streams was removed by being passed through a zinc acetate
solution to precipitate as ZnS. Sulfide in the filtrate was also trapped by the
addition of zinc acetate. The ZnS was analyzed by the methylene blue method
(21). Sulfide in medium reservoirs was measured by iodometric titration (16).

Activity of sulfide-oxidizing enzyme. Cells collected at 4°C from a sulfide-
limited chemostat were centrifuged and resuspended in 50 mM Tris-HCl (pH
7.5). Cell-free extracts were prepared by passage of the cell suspensions three
times through a French pressure cell (American Instrument Company, Silver
Spring, Md.) at 110 MPa. The broken cells were subscquently treated with
DNAse, after which the remaining whole cells and cell debris were removed by
centrifugation at 10,000 X g for 30 min. The reaction mixture (1 ml) for mea-
suring the activity of the sulfide-oxidizing enzyme contained 50 mM Tris-HCI
(pH 7.5), 25 uM horse heart cytochrome ¢ (Sigma), 10 M Na,S$, and cell extract.
The mcasurements were done at room temperature and were started by the
addition of sulfide. Reduction of horse heart cytochrome ¢ was measured at 550
nm in an HP 8524A Diode array spectrophotometer with an extinction coefficient
of 19.6 mM~! cm™1,

RESULTS

Sulfur-producing characteristics of Thiobacillus sp. strain
WS5. When Thiobacillus sp. strain W5 was grown in a sulfide-
limited chemostat at a dilution rate of 0.10 h™%, oxygen uptake
measurements showed a maximum oxidation capacity on sul-
fide of 15.8 mmol of O,/liter/h. The results of a typical tran-
sient-state experiment are shown in Fig. 1. Up to a sulfide load
of 9 mmol/liter/h, sulfate was the only detectable product (Fig.
1a). The oxygen consumption and the in vivo reduction degree
of the cytochrome ¢ pool increased linearly with the increasing

sulfide load (Fig. 1b and c). During the sulfate-producing
Stage, a constant oxygen/sulfide uptake ratio of approximately
1.8:1 was observed.

Sulfur started to appear in the chemostat when the sulfide
load exceeded 9 mmol/liter/h. The oxygen consumption was 15
mmol/liter/h at the onset of sulfur formation, and the cyto-
chrome pool was 70% reduced. A further increase in the sul-
fide load led to increased sulfur production and decreased
sulfate production. During the sulfur-forming stage, in which
the sulfide load was increased from 9 to 28.5 mmol/liter/h,
Oxygen consumption increased by only 8%, reaching its appar-
ent maximum value of 16 mmol/liter/h. This value is in close
agreement with the maximum oxidation capacity measured by
oxygen uptake experiments (15.8 mmol/liter/h). The oxygen/
sulfide uptake ratio decreased during the sulfur-forming stage
from 1.8 to 0.56. The in vivo degree of reduction of the cyto-
chrome pool gradually increased from 70% to 95%. At a sul-
fide load of 28.5 mmol/liter/h, almost all of the incoming sul-
fide was converted to elemental sulfur (27.5 mmol/liter/h).
Below this load, sulfur and sulfate were the only detectable
products of sulfide oxidation by Thiobacillus sp. strain WS5.

Further increasing the sulfide load to 33.3 mmol/liter/h led
to the accumulation of sulfide in the effluent and the appear-
ance of hydrogen sulfide in the off gas. At the same time,
thiosulfate was detected in the effluent. It was observed that
the sulfide-oxidizing capacity of the biomass decreased dramat-
ically when sulfide accumulated in the chemostat. Transient-
state experiments were terminated when the sulfide load ex-
ceeded the sulfide-oxidizing capacity of the biomass.

TABLE 1. Biomass concentration, absolute maximum oxidation
capacity (rOzlm(sulﬁ 4o)» and specific maximum oxidative capacity
(q0,,, el de>) of Thiobacillus sp. strain W5 at different
growth rates (dilution rates)”

Dilution rate ;:_Ig:e?nf 102, suitae) 4025 sty
> ‘
(™ (mgliter) (mmol/liter/h) 3:323171513{
0.05 120 =2 135+ 09 1.87 £ 0.12
0.1 1352 158 £ 0.8 1.95 = 0.10
0.2 164 £ 5 182+ 1.1 1.85 = 0.11

“ Results are averages of three measurements.
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FIG. 2. Results of transient-state experiments performed with Thiobacillus sp. strain W5 cells pregrown at dilution rates of 0.05 (O, m), 0.1 (#,<),and 0.2 (@, O)
h~L (a) Specific sulfur (3, ¢, O) and sulfate (W, ®, ®) production rates. (b) Specific oxygen consumption. (c) Degree of reduction of the in vivo cytochrome pool.

Growth rate dependence of sulfur production by Thiobacillus
sp. strain W5. The relationship between growth rate and sulfur
production was investigated by additional transient-state ex-
periments with cells pregrown at dilution rates of 0.05 and 0.2
h™!. During precultivation, it was observed that the amount of
biomass and the absolute maximum oxidative capacity in-
creased with the increasing dilution rate. The specific maxi-
mum oxidation capacity, however, remained constant at 1.9
pmol/mg of protein/min (Table 1).

The absolute sulfur-producing characteristics of cells pr-
egrown at different dilution rates appeared to be different.
Cells pregrown at dilution rates of 0.05 and 0.2 h~? started to
produce sulfur at sulfide loads of 7.5 and 11 mmol/liter/h,
respectively. The loads at which the sulfide-oxidizing capacity
was exceeded also differed considerably (27.5 and 37.5 mmol of
sulfide/liter/h for cells pregrown at D = 0.05 and 0.2 h™,
respectively).

However, when all parameters were converted to biomass-
specific loads and rates, there were no differences in the sulfur-
producing characteristics of the cultures (Fig. 2). These exper-
iments show that sulfur formation started at a specific sulfide
load of 1.0 wmol/mg of protein/min. The maximum specific

sulfide-oxidizing capacity was around 3.6 wmol/mg of protein/
min. It was also demonstrated that the starting point of sulfur
formation was correlated with a degree of reduction of the
cytochrome pool of 70% and a specific oxygen consumption
rate of 1.75 umol/mg of protein/min, corresponding to 90% of
the maximum value.

Sulfur oxidation by Thiobacillus sp. strain W5, Oxygen up-
take experiments with Thiobacillus sp. strain W5 cells, grown
under sulfide limitation at a dilution rate of 0.1 h™!, had a
maximum oxidation capacity on sulfur of 1.6 pmol of O,/mg of
protein/min. This activity represents 85% of the activity ob-
tained with sulfide as a substrate. A sulfur pulse to aerobic cells
in a fully oxidized state resulted in an approximate 63% =+ 3%
reduction of the cytochromes. When a sulfur pulse was given to
cells which were already loaded with 0.3 pmol of sulfide/liter/h,
reduction of the cytochromes increased from 17% to 67% +
3%. In addition, oxygen consumption increased from 0.55 to
1.6 pmol of O,/mg of protein/min. This is consistent with the
oxygen consumption rate measured during oxygen uptake ex-
periments. The addition of sulfur to sulfur-producing cells
being supplied with a sulfide load of 1.8 wmol of sulfide/liter/h
did not cause further reduction of the cytochromes or higher
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FIG. 3. (a) Specific production rates of sulfur compounds (mmol/liter/h) by 7. neapolitanus, pregrown at a dilution rate of 0.1 h~?!, during transient-state experiments
under increasing sulfide loads at 40% air saturation (CJ, sulfur; M, sulfate). (b) Specific oxygen consumption during transient-state experiments. (¢) Degree of reduction

of the in vivo cytochrome pool during transient-state experiments.
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FIG. 4. Schematic representation of the sulfide-metabolizing pathway in ob-
ligately autotrophic thiobacilli. It is proposed that sulfide is oxidized to sulfate via
intermediary sulfur and sulfite. Electrons enter the respiratory chain at the level
of cytochrome ¢ and are coupled 1o oxygen via a cbbs-type oxidase (25).

oxygen consumption. A sulfur pulse given to cells under an-
aerobic conditions reduced the cytochromes to 85% = 3%,
indicating that externally added sulfur was not capable of to-
tally reducing all cytochromes present in Thiobacillus sp. strain
W5.

Sulfur-producing characteristics of T. neapolitanus. Tran-
sient-state experiments were done with the moderate-sulfur-
producing species T. neapolitanus in order to determine quan-
titative differences from sulfur production by Thiobacillus sp.
strain W5. Oxygen uptake experiments with T. neapolitanus
cells, grown under sulfide limitation at a dilution rate of 0.1
h™', showed a specific maximum oxidation capacity on sulfide
of 2.3 pmol of O,/mg of protein/min. During the transient-
state experiments, 7. neapolitanus produced sulfate up to a
specific sulfide load of 1.1 wmol/mg of protein/min (Fig. 3).
The oxygen consumption rate and degree of reduction of the
cytochromes increased linearly during the sulfate-producing
stage. This was similar to the observations during transient-
state experiments with Thiobacillus sp. strain W5. Sulfur for-
mation started again when the cytochromes were reduced by
70% and the oxygen consumption had reached 90% of its
maximum value. However, T. neapolitanus reached its maxi-
mum sulfide-oxidizing capacity at the much lower specific load
of 1.9 wmol of sulfide/mg of protein/min, and a further increase
in the sulfide load led to the accumulation of sulfide. The
sulfide-oxidizing capacity of T. neapolitanus was therefore ap-
proximately half that of Thiobacillus sp. strain W5. A conse-
quence of this limited sulfide-oxidizing capacity was that T
neapolitanus could convert a maximum of 50% of the sulfide to
sulfur, the rest being oxidized to sulfate. During the sulfur-
forming stage, oxygen consumption still reached the maximum
activity found during oxygen uptake experiments. The degree of
reduction of the cytochromes, however, only increased to 80%.

In vitro sulfide-oxidizing capacities of Thiobacillus sp. strain
WS and T. neapolitanus. The in vitro sulfide-oxidizing capaci-
ties of cell extracts from Thiobacillus sp. strain W5 and T.
neapolitanus were 25 * 3 and 11 * 2 nmol of cytochrome
c/mg/min, respectively. The difference between these values
supports the observation that Thiobacillus sp. strain W5 has
double the sulfide-oxidizing capacity of T. neapolitanus.

DISCUSSION

Two physiological phases of sulfide oxidation by Thiobacillus
sp. strain W5. The transient-state experiments revealed that
Thiobacillus sp. strain W5, the dominant organism from a sul-
fur-producing microbial community, was able to convert the
sulfide nearly stoichiometrically to sulfur under aerobic condi-
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tions. The sulfur-producing characteristics of Thiobacillus sp.
strain W5 were shown to be independent of the growth rate
and seemed to be determined by its specific maximum oxida-
tion capacity. Transient-state experiments revealed that sulfide
oxidation by Thiobacillus sp. strain W5 can be split into two
phases, after which sulfide toxicity occurs.

During the first phase, sulfide is completely oxidized to sul-
fate (HS™ + 20,~S0,>~ + H™). The observed oxygen/sulfide
ratio of 1.8 indicates that 10% of the electrons from the oxi-
dation of sulfide were required for the fixation of carbon di-
oxide via reversed electron flow. This is in good agreement
with the results of Stefess (17), who found that 9% of the
electrons were used for carbon dioxide reduction by T. nea-
politanus. The degree of reduction of the cytochromes and the
oxygen consumption rate were found to increase linearly with
increasing sulfide loads.

When the cytochromes reached 70% reduction and the ox-
ygen consumption rate approached its maximum, the second
sulfur-producing phase set in. The oxygen consumption rate is
also a direct and quantitative measure of the flow of electrons
passing through the respiratory chain towards the terminal
oxidase (O, + 4H" + 4e~—2H,0). Further increasing the
sulfide load beyond the point where Thiobacillus sp. strain W5
reaches its maximum electron-transporting capacity leaves two
possible outcomes. If sulfate continues to be the sole product,
additional incoming sulfide will accumulate in the culture. Be-
cause of the toxic nature of sulfide, this can be expected to be
unfavorable to the bacterium. The second option is to redis-
tribute the electrons from the increasing sulfide flux by con-
verting some of the sulfide to sulfur (HS™—8° + H™ + 2¢7)
instead of sulfate (HS™ + 4H,0—80,%~ + 9H* + 8e7). This
prevents the accumulation of sulfide and is therefore more
favorable. The decrease of the oxygen/sulfide uptake ratio
from 1.8 to 0.56 during the sulfur-producing phase was a con-
sequence of the fact that the oxygen consumption rate (elec-
tron flux) remained constant while the sulfide load increased
considerably. The observation that sulfur production was max-
imal at an oxygen/sulfide uptake ratio of around 0.56 is in close
agreement with the theoretical expectations (HS™ -+
0.50,—8° + OH™) and the results obtained with mixed cul-
tures (10). The specific sulfide load at which Thiobacillus sp.
strain W5 started to produce sulfur is also very close to the
reported specific value of 1.04 umol of sulfide/mg of protein/
min obtained with mixed cultures (4). It should also be noted
that sulfide could not be detected in the medium during the
sulfur-producing stage, indicating that chemical oxidation of sul-
fide does not play an important role under these circumstances.

When the sulfide load becomes so high that it exceeds the
capacity of the sulfide-oxidizing system, even when all sulfide is
converted to elemental sulfur, sulfide accumulates in the cul-
ture. The appearance of sulfide in the medium led to a de-
crease of the oxidative capacity of the biomass, thereby accel-
erating the accumulation of sulfide and eventually resulting in
the total deterioration of the sulfur-producing system. This
decrease in oxidative capacity is probably caused by the toxic
effects of sulfide, which has been reported to inhibit thiobacilli
at concentrations above 150 wM (9). The appearance of thio-
sulfate during this phase was caused by chemical oxidation of
sulfide, which has been described as the main product of chem-
ical sulfide oxidation (7, 10).

Redox-related regulation of the activity of sulfur produc-
tion? Figure 4 shows a schematic drawing of the hypothetical
sulfide-metabolizing pathway in Thiobacillus sp. strain WS. Sul-
fur is bound to accumulate when the conversion of sulfur to
sulfite is slower than the conversion of sulfide to sulfur. Tran-
sient-state experiments indicated that sulfur formation begins
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accumulate (3.8 wmol of sulfide/mg of protein/min).

when the cytochromes started to become saturated. It is there-
fore tempting to speculate that the physiological signal for the
regulation of sulfur oxidation is related to the degree of re-
duction of the cytochrome chain.

One possibility is that the dropping redox poise of the cyto-
chromes would still enable electrons from the sulfide-sulfur
couple to enter the respiratory chain, while the entry of the
electrons from the sulfur-sulfite couple becomes more and
more difficult. The standard midpoint potential of the sulfide-
sulfur couple is indeed lower (E,” = —260 mV) than that of the
sulfur-sulfite couple (E,’ = —45 mV) (20). The observation
that the addition of sulfur to anaerobic cells does not lead to a
total reduction of the cytochrome pool is in agreement with
this option. Another possibility is that the sulfur-oxidizing en-
zyme itself is redox sensitive and is controlled by the redox
level of the respiratory chain.

The suggestion that the activity of the sulfur-oxidizing en-
zyme is regulated by redox is supported by the observation that
sulfur formation occurs under oxygen limitation (10, 18, 22).
The limited availability of oxygen will result in an increase of
the degree of reduction of the cytochrome pool, thereby block-
ing the conversion of sulfur to sulfite. However, detailed stud-
ies of the enzymes involved in the oxidation of sulfide to sulfate
and the components of the respiratory chain involved in trans-
porting the electrons to the terminal oxidase are obligatory to
determine the exact regulatory and rate-determining mecha-
nisms involved in the production of sulfur.

Limited capacity of the sulfide-oxidizing enzyme as a cause
for a lower sulfur-producing capacity of T. neapolitanus. Tran-
sient-state experiments with T. neapolitanus showed that this
organism is capable of converting only 50% of the sulfide to
elemental sulfur under aerobic conditions. This is in reason-
able agreement with the previously reported sulfur-producing
capacity of 42% (18). The sulfate-producing phase is compa-
rable to that of Thiobacillus sp. strain W5. Sulfur formation
started at a slightly higher specific sulfide load, probably be-
cause T. neapolitanus has a higher maximum oxidation capac-
ity. However, T. neapolitanus accumulated sulfide at a load of
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1.9 pmol of sulfide/liter/h, indicating that this is its maximum
sulfide-oxidizing capacity. This suggests that the sulfide-oxidiz-
ing enzyme is the limiting factor. In Thiobacillus Sp. strain W5,
the electron-transporting capacity (or oxygen consumption
rate) limits the sulfide oxidation rate. The differences between
the capacities of the two sulfide-oxidizing systems are sup-
ported by the fact that the in vitro sulfide-oxidizing capacity of
Thiobacillus sp. strain W5 is twice as high as that of T, neapoli-
tanus. The profiles of the cytochrome reduction levels and
oxygen consumption rates in the two organisms were compa-
rable up to the point at which the sulfide load exceeded the
sulfide-oxidizing capacity of T. neapolitanus. From this work, it
can be concluded that the causes of sulfur formation in the
high-sulfur producer Thiobacillus sp. strain W5 and the mod-
erate-sulfur producer T. neapolitanus appear not to be signif-
icantly different. The higher sulfide-oxidizing capacity of Thio-
bacillus sp. strain ‘W5 also confers on the organism a
competitive advantage under sulfide limitation conditions. Pre-
liminary results from sulfide-limited chemostat cultures of a
mixture of Thiobacillus sp. strain W5 and T. neapolitanus
showed that the latter was rapidly outcompeted by Thiobacillus
sp. strain W5.

Determination of sulfur-producing characteristics on the
basis of a single parameter: maximum oxidative capacity.
When the formation of sulfur depends only on the maximum
oxidation capacity, as is the case for Thiobacillus sp. strain W5,
the onset of sulfur formation and the point at which sulfide
starts to accumulate can be easily calculated. The sulfide load
at which sulfur production starts can be determined by division
of the maximum oxidation capacity by 2 (1.9 umol of O,/liter/
h/2 = 0.95 pmol of S*~/liter/h), while the maximum sulfide
load can be calculated by multiplication of the maximum oxi-
dation capacity by 2 (1.9 mol of $*~/liter/h X 2 = 3.8 pmol of
Ojfliter/h). Figure 5 shows that the sulfur production rates
increased almost linearly between these two points. The per-
centage of sulfur formation can thus be predicted for any
sulfide load when the maximum oxidation capacity is known.

ACKNOWLEDGMENTS

We thank Sjila Santegoeds and Margaretha van der Lans for exper-
imental assistance. Simon de Vries and Rob van Spanning are ac-
knowledged for helpful discussions.

This work (Project IMB 91208) was supported by the Innovation-
Oriented Research Programme on Environmental Biotechnology,
which is financed by the Ministry of Economic Affairs and the Ministry
of Housing, Physical Planning and the Environment.

REFERENCES

. Bartlett, J. K., and D. A. Skoog. 1954. Colorimetric determination of ele-
mental sulphur in hydrocarbons. Anal. Chem. 26:1008-1011.

2. Buisman, C. J. N. 1989, Ph.D. thesis. Agricultural University of Wageningen,
Wageningen, The Netherlands.

3. Buisman, C. J. N,, G. Lettinga, C. W. M. Paasschens, and L. H, A. Habets.
1991. Biotechnological sulphide removal from effluents. Water Sci. Technol.
24:347-356.

4. Buisman, C. J. N,, P. Ijspeert, A. Hof, A. J. H. Janssen, R. Ten Hagen, and
G. Lettinga. 1991. Kinetic paramecters of a mixed culture oxidizing sulfide
and sulphur with oxygen. Biotechnol. Bioeng, 38:813-820.

5. Butler, L., and S. Nadan. 1981. Destructive oxidation of phenolics and
sulphides using hydrogen peroxide. AICHE Symp. Ser. 229:108-111.

6. Cadena, F., and R. W. Peters. 1988. Evaluation of chemical oxidizers for
hydrogen sulfide control. J. Water Pollut. Control Fed. 60:1259-1263,

7. Chen, K. Y., and J. C. Morris. 1972. Kinetics of oxidation of aqueous sulfide

by O,. Environ. Sci. Technol. 6:529-537.
. Gadre, R. V. 1989. Removal of hydrogen sulfide from biogas by chemolitho-
autotrophic fixed-film bioreactor. Biotechnol. Bioeng. 34:410-414.

9. Hirayama, A., and R. D. Vetter. 1989. Kinetics of sulfide and thiosulfate

oxidation by the hydrothermal vent bacterium Thiomicrospira crunogina and

comparison with Thiobacillus neapolitanus, abstr. 143, p. 224. In Abstracts of

the 89th Annual Meeting of the American Society for Microbiology 1989,

—

oo



VoL. 63, 1997

10.

1

—_

12,

13.

14.

16.

17.

. Pronk, A. F., F. C. Boogerd, C. Stoof, L. F. Olt

American Society for Microbiology, Washington, D.C.

Janssen, A. J. H., R. Sleyster, C. van der Kaa, A. Jochemsen, J. Bontsema,
and G. Lettinga. 1995. Biological sulphidc oxidation in a fed-batch reactor.
Biotechnol. Bioeng, 47:327-333,

. Janssen, A. J. H,, A. de Keizer, A. van Aelst, R. Fokking, H. Yangling, and

G. Lettinga. 1996. Surface characteristics and aggregation of microbiologi-
cally produced sulphur particles. Biointerfaces 6:115-129.

Kelly, D. P., L. A. Cambers, and P. A, Trudinger. 1969. Cyanolysis and
spectrophotometric estimation of trithionate in mixture with thiosulfate and
tetrathionate. Anal. Chem. 41:899-901.

Kim, B. W, I. K. Kim, and H. N. Chang. 1990. Bioconversion of hydrogen
sulfide by free and immobilized cells of Chlorobium thiosulfatophilum. Bio-
technol. Lett. 12:381-386.

Kuenen, J. G. 1975. Colourless sulphur bacteria and their role in the sulphur
cycle. Plant Soil. 43:49-76.

A. H. Stouth , and
H. W. van Verseveld. 1992. In situ determination of the reduction levels of
cytochromes b and ¢ in growing bacteria: a case study with N,-fixing Azorhi-
zobium caulinodans. Anal. Biochem. 214:149-155,

Rand, M. C,, A. E. Greenberg, and M. J. Taras. 1985. Standard methods for
the examination of water and wastewater, 16th ed. American Public Health
Association, Washington, D.C.

Stefess, G. C. 1993, Ph.D. thesis. Delft University of Technology, Delft, The
Netherlands.

19.

20.

21.

22.

24.

25.

SULFUR PRODUCTION IN THIOBACILLI 2305

. Stefess, G. C., R. A, M. Torremans, R. de Schrijver, L. A. Robertson, and

J. G. Kuenen. 1996. Quantitative measurement of sulphur formation by
steady-state and transient-state continuous cultures of autotrophic Thioba-
cillus species. Appl. Microbiol. Biotechnol. 45:169-175.

Sublette, K. L., and N. D. Sylvester. 1987. Oxidation of hydrogen sulfide by
Thiobacillus denitrificans: desulfurization of natural gas. Biotechnol. Bioeng,
29:249-257.

Thauer, R. K., K. Jungermann, and K. Decker. 1977. Energy conservation in
chemotrophic anaerobic bacteria. Bacteriol. Rev. 41:100-180.

Triiper, H. G., and H. G. Schlegel. 1964, Sulphur metabolism in Thiorho-
daceae: quantitative measurements on growing cells of Chromatium okenii.
Antonie Leeuwenhock 30:225-238,

Van den Ende, F. P., and H. van Gemerden. 1993. Sulfide oxidation under
oxygen limitation: a Thiobacillus thioparus isolated from a marine microbial
mat. FEMS Microbiol. Ecol. 13:69-78.

. Verduyn, C,, E. Postma, W. A, Scheffers, and J. P. van Dijken. 1990. Phys-

iology of Saccharomyces cerevisiae in anacrobic glucose-limited chemostat
cultures. J. Gen. Microbiol. 136:395-403.

Visser, J. M., G. C. Stefess, L. A. Robertson, and J. G. Kuenen. Thiobacillus
sp. W5, the dominant autotroph oxidizing sulfide to sulfur in a reactor for
aerobic treatment of sulfidic wastes. Antonie Leeuwenhoek, in press.
Visser, J. M., G. A. H. de Jong, G. C. Stefess, L. A. Robertson, and J. G.
Kuenen. chb,-type oxidase in the obligately chemolithoautotrophic Thioba-
cillus sp. W5. FEMS Microbiol. Lett. 147:127-132,



